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（ D<250μm）；C 组，大胰岛右肾被膜下移植；D 组，小胰岛右肾被膜下移植；每只移植胰岛
500IEQ。术后监测血糖并分别于移植后 3h、24h 及 5d 观测移植部位肝脏局部缺血情况并取材
行病理学检查及 qRT-PCR 法检测 IL-1β、TNF-α、MCP-1、MIP-2 及 iNOS 的表达水平。 
结果：胰岛移植后 A 组对血糖的纠正率显著高于 B 组（P<0.01）和 D 组（P<0.05），A 组
和 C 组无显著性差异（P>0.05），C 组高于 D 组（P<0.05）。移植后 A 组及 B 组均可见移植局
部微血栓形成，均以移植后 24h 时最为明显。在 3h、24h 和 5d 各个时间点，A 组微血栓形成
量均少于 B 组（P<0.05）。从移植局部肝脏中多种炎症因子表达水平上看，3h 时试验组 IL-1β、
TNF-α、MCP-1、MIP-2 及 iNOS 的表达水平 B 组均高于 A 组（P<0.05），24h 时 A 组肝脏中






















Optimization of islet transplantation protocols is necessary for improved success 
of treatment for type 1 diabetes. Here, we investigated whether the size of islets 
transplanted into the portal vein (PV) of the liver can affect engraftment in the early 
post-transplantation in an experimental mouse model. Small (average diameter < 250 
µm, group A) or large (average diameter > 250 µm, group B) islets (400 islet 
equivalents/recipient) purified from normal BALB/c mice were transplanted into 
syngenic recipients with diabetes induced by STZ. The percentage of mice returning 
to a non-diabetic status was higher in group A (100%) than group B (62.5%). Focal 
areas of liver necrosis associated with the islets emboli were observed in both groups, 
but the pathology in group B was significantly worse. Multiple proinflammatory 
cytokines were significantly higher in group B than A at 3 h post-transplantation. Our 
study determined that the size of islets plays a critical role in the success of 
intraportal islet transplantation (IPIT) and should be taken into account in future IPIT 
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Intraportal islet transplantation has been shown in clinical protocols to be an effective 
method for reducing or eliminating the dependence on insulin in patients of type 1 
diabetes. However, transplantation efficiency remains low both in experimental 
animal models and clinical human trials. Multiple donors are generally needed to 
achieve insulin independence. While rejection does occur after transplantation, up to 
60% of the islets undergo apoptosis within the first several days post-transplantation 
even in the syngeneic islet transplantation model, suggesting that the 
non-alloantigen-specific inflammatory reaction (NASIR) plays an important role in 
the failure of engraftment [1].  
Various cells and factors are involved in NASIR after IPIT, including hepatocytes, 
sinusoidal epithelial cells, Kupffer cells and multiple inflammatory factors. Previous 
studies have shown that thrombosis in the portal venules can greatly affect the early 
survival rate of the transplanted islets. Tissue factors on the surface of the islets can 
initiate the extrinsic coagulation pathway via activation of factor VII/VIIa, which may 
cause local graft thrombosis [2]. Meanwhile, thrombosis can induce the lack of blood 
and oxygen locally, which may result in a serious inflammatory reaction and increase 
damage of nearby transplanted islets [3].  
Various strategies have been attempted to minimize the damage and rejection of the 
transplants. Yin et al. performed ischemic preconditioning of the recipient’s liver to 
improve the local microenvironment, greatly decreased the local inflammatory 
reaction and effectively prevented early islet destruction [4]. Repressing thrombosis in 
the portal venules can also protect the islets. Johansson et al. reported that low 
molecular weight dextran sulfate can inhibit both complement and coagulation 














blood-mediated inflammatory reaction (IBMIR). Cui et al. recently reported that 
liposomal formulations of thrombomodulin, due to its propensity for preferential 
uptake in the liver, can enhance intraportal engraftment of allogeneneic islets by 
inhibiting the IBMIR [6].  
It is known that diffusion may be the main mechanism by which islets gain oxygen 
during the early period after transplantation. Small islets have few diffusion barriers to 
oxygen and nutrients and have a higher chance than large islets for survival in a 
hypoxic milieu [7]. However, the question of whether the islets sizes affect the 
success of the IPIT has not been adequately addressed. Since islet graft embolization 
occurs in IPIT [4], the size of islets may be an important factor that can affect 
engraftment. Large islets have a higher likelihood than the small ones of blocking the 
portal venules , thereby causing serious thrombosis, local liver ischemia and anoxia. 
The damage to the liver can activate Kupffer cells, which may initiate local 
inflammatory reactions [8]. Various inflammatory cells could also release free radicals 
(such as NO) and secrete cytokines (such as IL-1β and TNF-α) after activation [9], 
which can cause a cascade reaction, leading to early graft damage. 
In this study, we tested our hypotheses that the size of islets may be an important 
factor that can affect engraftment by performing IPIT with islets of different sizes, and 
the frequency of local thrombosis and expression of cytokines were observed in the 













Materials and methods 
Animals 
Female BALB/c (H-2d) mice (8~12 weeks old) were purchased from Slac Laboratory 
Animal Co. Ltd. (Shanghai, China) and used as graft recipients and donors. Care and 
handling of animals were in accordance with the guidelines provided in the ‘Guide for 
the Care and Use of Laboratory Animals’ published by the U.S. Department of Health 
and Human Services. 
Chemical induction of diabetes 
STZ (Sigma-Aldrich, USA) at 180–220 mg/kg in 0.1 M citrate buffer (pH = 4.4) was 
injected intraperitoneal (i.p.) to induce diabetes in recipient mice, as previously 
described [10]. Blood glucose was measured using a glucose analyzer (FreeStyle, 
Abbott, USA). Diabetes onset was defined as two consecutive blood glucose 
measurements > 16.7 mM.  
Isolation, purification, and viability testing of islets  
Donor islets were isolated as previously described [11]. Briefly, the pancreas was 
perfused via bile duct cannulation with 3 ml of a 1.5 mg/ml collagenase V 
(Sigma-Aldrich, USA) solution and excised. It was then incubated in a water bath at 
37°C for 20 min and shaken vigorously in cold Hank’s balanced salt solution (HBSS). 
The suspension was allowed to settle, and then the sediment was washed three times 
by HBSS. After washing, the islets were sorted manually under a microscope. Within 
one mouse, the number of small islets was in the majority (ratio of small to large islets 
was > 2:1); but the IEQ of small islets was similar to that of large ones. We designated 
250 μm as a cut-off point to divide the islets into two groups, with the mean diameter 
being 150 μm and 300 μm in the small and large islet groups, respectively. Islet 















For viability testing, 100 large or small islets were placed in a 500 µl volume of 
RPMI 1640 media with acridine orange/propidium iodide (AO/PI) for 5 min(repeated 
3 times), then rinsed with PBS and placed in an Attofluor chamber on the confocal 
fluorescence microscope (FV1000, Olympus). Three simultaneous images were 
collected for each islet. Viability percentages were calculated by developing hue 
histograms using Photoshop (Adobe).  
Insulin secretion by static incubation assay 
One hundred IEQ of large or small islets which were cultured at 37°C for 24 h after 
isolation were added in each well (3 wells/group, repeated for 6 times) of 24-well 
plates containing 2 ml of media (RPMI 1640 with 10% FSC, antibiotics and 16.7 mM 
glucose) and cultured at 37°C. Supernatants of each well were collected at 30, 60 or 
120 min, and the insulin concentrations were measured using Mouse Insulin ELISA 
kit (Dynal, USA). 
Islet transplantation 
Each mouse was anesthetized by continuous inhalation of ether. For mice receiving 
IPIT, a middle abdominal incision was made of approximately 1 cm, and the PV was 
exposed by homemade retractors. The main branch and the right branch were exposed 
for the operation. A thin needle (G31, Artsana, Italy) was used to puncture the main 
branch. Both the main branch and the left branch were temporarily blocked by a 
micro-vascular clamp. Four hundred IEQ of small or large fresh islets in 200 µL PBS 
were injected into the right branch slowly by a microinjection pump (Fig. 1). The 
clamps were removed after the injection, and just as the needle was taken out, the 
puncture point was covered by a cotton tip as quickly as possible. 














400 IEQ of small or large islets were collected in vials, centrifuged at 92 × g for 2 min, 
and transplanted using a 1.2 mm diameter venflon (Becton Dickinson, Stockholm, 
Sweden) under the kidney capsule of diabetic BALB/c mice as previously described 
[11].  
Islet transplants were considered functional when two consecutive blood glucose 
measurements < 8 mM occurred. The time of islet rejection was defined as the first 
day of two consecutive blood glucose measurements >11.1 mM. 
Pathologic studies 
Hepatic lobes engrafted with islets were dissociated from recipient mice at 3 h, 24 h 
or 5 d after transplantation and routinely processed for histology (3 animals were 
sacrificed per time point in each group). Paraffin-embedded tissue sections were 
stained with hematoxylin–eosin (H&E) and examined by a transplant pathologist who 
was blinded to the treatment modality. The thrombosis level was analyzed according 
to the scoring standard as described (0: no fibrin; 1: mild; 2: moderate and 3: severe 
fibrin deposition) [6]. 
Quantitative real-time PCR (qRT-PCR) 
Hepatic lobes engrafted with islets were removed from the recipients at 3 h, 24 h or 5 
d after transplantation. RNA was isolated using Trizol reagent (Invitrogen, USA) 
according to the manufacturer’s instructions. Reverse transcription and qRT-PCR 
were performed using commercially available reagents (TOYOBO, JP) and a Step 
One Real-Time PCR System (ABI, UK). Syber Green I and β-actin were used as 
controls. Each reaction was carried out in triplicate. The relative quantity was 
calculated based on the normal liver with no islets set as 1. The primer sequences used 















The data from the ELISA and qRT-PCR experiments were analyzed using the 
Student’s t test and expressed as mean values ± standard deviation (SD). The 
Mann–Whitney U-test was used to compare the live pathology in each group. A value 
of P < 0.05 was considered difference. All analyses were performed using Graph Pad 















Composition, insulin secretion and viability of islets  
After purification, the islets isolated from all donors were measured and grouped 
according to the diameters. The islets were clustered into two groups: A, small islet 
group mainly averaging between 100–200 µm in diameter, and B, large islet group 
containing islets mainly between 250–350 µm in average diameter (Fig. 2A). 
Insulin secretions from groups of small and large islets were measured by ELISA in 
culture after high glucose induction up to 120 min. With the same IEQ the small islets 
produced significantly more insulin than the large ones when measured at three time 
points: 30 min, 16.90 ± 1.15 vs. 11.00 ± 1.11(P < 0.05); 60 min, 24.5 ± 1.50 vs. 13.40 
± 0.53(P < 0.01); 120 min, 27.66 ± 2.52 vs. 16.33 ± 1.52 (P < 0.01). (Fig. 2B). 
The percentage of viable cells within each islet was higher in small islets than in the 
large ones (94.15 ± 1.05 vs. 77.17 ± 1.95, P < 0.05, Fig. 2C). And there were no dead 
cells were found at the center of the small islets. 
Reversal of diabetes after islet transplantation  
Among the IPIT, the percentage of reversal of diabetes in group A (small islets, PV) 
was significant higher than that of group B (large islets, PV), (100% vs. 62.5%, Fig. 
3). In the control groups, group C (small islets, kidney) also could normalize the 
blood glucose level better than group D (large islets, kidney), but there was no 
significant difference. All mice in group A gained normal blood glucose level after 
IPIT, while there were two mice failed in group B at one month.  
Liver ischemia and necrosis after IPIT 
Three hours after IPIT, there were no apparent changes observed in group A, while 
there were local mild ischemic changes on the surface of the liver in group B (Fig. 4). 














group B. At the 5th day, the liver appearance was normal in group A, while there were 
small necrotic points in group B. 
Islet emboli and thrombosis in the PV  
Shortly after IPIT, the thrombosis in the PV could be observed even at 3 h, but with 
no local liver necrosis. Islets-induced emboli were observed with the related liver 
necrosis as shown in Figure 5A at 24 h. The large islets caused embolism of the 
relatively larger portal venules and a wider zone of necrosis at the site of engraftment. 
Furthermore, the thrombosis scores of large islets were significantly higher than those 
of the small islets (3 h, 1.91 ± 0.20 vs. 2.73 ± 0.21, P < 0.01; 24 h, 1.70 ± 0.29 vs. 
2.93 ± 0.12, P < 0.01). There were no differences between the two groups at day 5 
post-transplantation (0.53 ± 0.21 vs. 0.76 ± 0.15, P > 0.05, Fig. 5B). 
Infiltrated inflammatory cells and cytokines in the liver lobe engrafted with islets 
Inflammatory cells were observed in the liver lobe engrafted with islets in both group 
A and B. (Fig. 6A). IL-1β and TNF-α expression level were significantly increased 
both in groups A and B at 3 h, and group B had a higher level than group A (30.83 ± 
10.5 vs. 10.01 ± 0.65, P < 0.01; 46.34 ± 12.40 vs. 9.91 ± 3.40, P < 0.01, respectively). 
GM-CSF expression was significantly increased in group B compared with group A at 
3 h (7.34 ± 3.83 vs. 2.19 ± 0.99, P < 0.01). MCP-1 expression was significantly 
increased in group B at 3 h compared with group A (119.04 ± 33.43 vs. 33.39 ± 13.43, 
P < 0.01). MIP-2 expression was significantly increased in group B at 3 h compared 
with group A (486.75 ± 81.48 vs. 124.84 ± 44.93, P < 0.05). iNOS expression level 
was significantly increased in group B compared with group A at 24 h (8.79 ± 3.86 vs. 
















Random distribution of islets after IPIT represents a major obstacle for detection of 
islets transplanted in experimental models [15, 16]. So we tried a new ideal model to 
analyze local changes of pathology and inflammation post-transplantation of islets. In 
this model, we selectively transplanting islets into the right branch of the PV, which is 
the first branch of the portal trunk and supplies the right anterior hepatic lobe [16, 17]. 
Selective islet transplantation increases the density of transplant in a fixed site (Fig. 1) 
and the locally high concentration of transplanted islets increases the detection indices 
that we typically observe, such as degrees of embolism, change in levels of local 
inflammatory cytokines and inflammatory cells aggregation. In our study, partial liver 
ischemia and necrosis can be visibly detected after IPIT. Although for the larger 
calibers of the portal venules in humans than in mice, there was no liver necrosis 
reported in clinical IPIT[9], liver injury still can be detected [3, 13, 18].  
In intrapotal islet transplantation model, the increasing number of islets but without 
discriminating the size of the islets can not stop the decreases in blood glucose levels 
[17, 19-21]. Here, our goal was to test whether the size can affect the outcome of IPIT. 
If we had transplanted the same number of islets (e.g. 300 islets) in each group, any 
potential differences between small and large islets groups may simply be due to the 
significant differences in the IEQ. Therefore, in this study we transplanted the same 
IEQ (that is, approximately the same number of β cells) of small or large islets in each 
group. Within one mouse, the number of small islets was in the majority (ratio of 
small to large islets was > 2:1); but the IEQ of small islets was similar to that of large 
ones. Given the particular distribution of islet sizes shown in Figure 2A, we 
designated 250 μm as a cut-off point to divide the islets into two groups, with the 















We found that with the same IEQ, small islets had better insulin-releasing abilities 
than large islets under high glucose stimulation in the insulin secretion assay (Fig. 2B).  
This may be caused by the fact that the small islets had higher viabilities than the 
large ones. Cell death was prominent both on the periphery and the center of the large 
islets (Fig. 2C), and the functional results (Fig. 3A) of transplanting these islets of 
differing sizes into mice renal capsules was consistent with this observation. Our 
findings are similar to the results in the rat model of renal capsule transplantation, 
which previously suggested that larger islets would have detrimental effects on the 
diffusion of oxygen and nutrients [22].  
In our analyses of the gross effects of transplantation with islets of different sizes 
(Fig. 4 and 5), we concluded that large islets caused serious emboli and increased 
liver necrosis at the engraftment site, which likely led to the increase of local cytokine 
expression (Fig. 6). The increase of pro-inflammatory cytokines (e.g. IL-1β and 
TNF-α) can increase thrombosis in the portal venules  and harm the transplanted 
islets [23]. It has been shown that through a cascade of intracellular events, IL-1β can 
cause a decrease in glucose-stimulated insulin biosynthesis and secretion, and 
apoptosis of the pancreatic islets in high doses [24]. The mice which received large 
islets in the right branch of PV (group B) had higher levels of IL-1β and TNF-α than 
those which received small islets (group A), particularly at 3 h in our study, 
suggesting that these cytokines may play an important role in the damage of 
transplanted islets. 
Some researchers believed that the death of exocrine cells and release of substrate 
enzyme could stimulate activation of Kupffer cells after IPIT, which led to increase of 
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